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A large por t ion  of e l e c t r i c a l  power systcms cu r ren t ly  un&r dcvclop- 

mJnt for s p x c  cralY applications will require  chemical cnc.rgy COUTCCS i n  

%he Torin of expcnckUble rcac tan ts ,  usually hydrogen and oxygen. 

rcwLmts a rc  most efiicicntly s tored ,  Prom a w i g h t  and volme standpoint ,  

ir; the l i q u e f i e d  s t z t e .  

These 

S-Lnce many ol" these  r ~ a c t m t s  boil at  lOT7 tLrnp?ratures, 

-p  priger era ti on 5 i s  P rcqumt ly  required for t h e i r  l i q x h c t i o n  t u d  s torzse. 

Eic  science of  r e f r i g e r a t i o n  by mechamkal m a n s  began a i i i ' i l e  over 

.a century ago wi th  the dcveloprmnt of the f i r s t  r e € r i g e r a t i o n  machine. 

Since then, much e f f o r t  has been d i rec ted  toward obtaining progress ive ly  

lower temperatures.  

cryogenies, which dea l s  w2th t h e  engineering processes of  fluids at tempera 

tuxes approximately below -140°F. 

tkii- b o i l i g g  tcm-oeretures a t  or?e atmospl1er.e 0; pressure a re :  

This e f f o r t  has l e d  t o  t h e  science now known as 

Four o f  t h e  more familiar cryogens and 

oxygen, 

I -  - 'T ';"<-e --,2 1. 

- ~ ~ ~ v s s e d  t o  thhe 

-237°F; Ei'irogen, -320°F; hydrogm, -423"i ; 

scieiice o f  r e f i i g e r e t i o n  a t  c r y o g e ~ l c  czm 

point  srhei-e it i s  ilo$J gossi'sle TO 

One of t h e  e a r l y  ZirbGrne ag,-ol icLxiw r0.r c;yag.uLiics iyzs is t h ~  

biorc reccn-c zFyllc?tions hzve Seen i n  t'ne C..iman V-2  rocket  pragmm. 
I 
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The advent of manned space missions has r e s u l t e d  i n  t h e  preser,t 

importance of  cryogenic s to raze  and de l ive ry  sys  Lems capable of operatin: 

for extended per iods i n  zero  g rav i ty .  This discuksion d e a l s  with cur ren t  

rnethods o€ cryogenic s to raze  t o  s a t i s f y  the  requirernents of' spacecraf t  

e l e c t r i c a l  power system reacttlnc and enviroiimcntsl stpplics. Super- 

c r i t i c a l  and s u b c r i t i c a l  cryogenic siora:,e sys-Lems are discussed.  

S u p c r c r i t i c a l  s torage  i s  p re sen t ly  bein,: developed Tor exist in- named 

s p x e  f l i g h t  program;  the rc fo re ,  nos t  o f  ch is  d i scuss ion  i s  devoied t o  

,*.' considerGtions o€ t h i s  type storci!:e sysicrn. 



i:: exposed t o  xz-lghrl-ssness for shor t  periods,  it i s  not  designed for 

l ong  term use i n  weight less  env i romen t .  With t h e  advent o f  manned space 

missions,  requirements have r e s u l t e d  for de.rTlopmcnt of  cryogenic storage 

systems capable o f  opera t ing  i n  zero g r a v i t y  €or extended per iods of tircle. 

1 'l"nc discuss ion  presented he re in  dea ls  wit'n cryogenic r e a c t a n t  s torage 

t o  s a t i s f y  t h e  requirements o f  space electr ical-power-generat ion systems 

Tor extended manned spacecraf t  missions.  S u p e r c r i t i c a l  cryogenic s-Lorage 

i s  c u r r e n t l y  thc? most important method oi" supplying cryogenic rcaciaiits i n  

S ~ ~ C L ?  programs; t he re fo re ,  most o f  t he  remaining po r t ion  of  t h i s  p s p ' r  i, 
I 

devoted t o  app l i cab le  thermodynamic cons idera t ions  of  s u p e r c r i t i c a l  cryogenic 

s torage .  

E l e c t r i c a l  power for America's next genera'iion spacecraf t ,  Gemini 

and Apollo, w i l l  Se suppl ied by f u e l  c e l l  syszems r e q u i r i c g  hydrogen and 

I ozjgen as r eac t an t s .  To satisfy the fuel c e l l  and metabolic reqiiiremcnzs 

cii >2j?o;.lo, m2proximately 640 pounds of o ti-ild 5b p o ~ ~ c i s  0 3  'rlyciiqagei;, 
. .  

cryogenica l ly  s tored,  w i l l  be requi red .  The: L%par'iance of  using cryogenic 

s torage  t o  satisfy these  requirements riay be shoxm by ,? 

sysLem weights.  

I 
I 

The r e l a t i v e  weight o f  three cardidate  storas.; s; 

i n  F igures  1 and 2 for hydrogen and oyygen, respec t iv~~-y .  

Figure 1 3'ig;uz-e 2 
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The high pressm-e gaseous s",ra.ge system represenced by curve "A" of' 

Figure 2 i s  cu r ren t ly  used i n  t h e  Mcrcury Spacecraf't 7,509 psia p s e c u s  

0:~~gef i  supply. Examination of curve "A" Z n  Figures 1 and 2 r evea l s  t h a t  

t he  m i g h t  pena l ty  a s soc ia t ed  wit'n t he  high-pressure gaseous s torage  

system limits i t s  usefulness  t o  missions r,jiJAi very low Tluid conswxption 

requirements. S u p e r c r i t i c a l  cryogenic stgi-age, ropresentea by curve ''E", 

i s  similar t o  high pressure gaseous storage i n  that t he  f l u i d  always e x i s t s  

i n  t h c  s ing le  phase s t a t e ,  with the operat ing p rc s sam above the c r i t i c a l  

pressure. Rowver, t he  s u p e r c r i t i c a l  systcrn p z r n i t s  large paylo-d quan t i ty  
i 

' s'Loi-a,g;e w i t h  much less volume and storage s y s t e n  m i g h t .  A s u b c r i t i c a l  

cryogenic system with normal s torage pressure rmint&ined isclo~T the  f l u i d  
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Poin t  1 i n d i c a t e s  t h e  i n i t i a l  f i l l  condiiioii whcre cryogenic l i q u i d  i s  

charged i n t o  t h e  system u n t i l . t h e  des i r ed  f i l l  capac i ty  i s  achieved. A f t e r  

f i l l  i s  completed, a mixture of s a tu ra t ed  l i q u i d  and sa tu ra t ed  vapor a t  

fill pressure w i l l  occupy t h e  s torage vessel .  P re s su r i za t ion  from po in t  

1 t o  ops ra t ing  pressure a t  poin t  3 i s  accomplished by norrml hea t  leakaee 

t o  the  f l u i d  during standby or may be su2plemented wi th  i n t e r n a l  hea te rs .  

During p res su r i za t ion  from po in t  1 t o  point  2, Yn? l i q u i d  dens i ty  w i l l  

decrease u n t i l  t h e  t o t a l  volume of  t h e  ves se l  i s  occupied by sa tu ra t ed  l i q u i d  

a t  poin t  2. 

Keglecting vessel expansion, the  l i q u i d  i s  f u r t h e r  heated which resu l t s  

i n  p r , ? sx re  and temperature r i s e  t o  point 3 wi th  no change i n  densi ty .  

v- LLX - - - . ~ ~  I cYa i red  hea t  input  f o r  complete p r e s s u r i z a t i o n  may be determined 

by t h e  fol iowine r e l a t i o n ,  re fercnce  I: 

%lie r e  : W = loaded f l u i d  weight, +mds 

J = energy eqa iva len t  o f  h:a% ( T , , t  f-i;-lb pc r  Btu) 

h = f l u i d  s p e c i f i c  enthalpy,  B t i l  ;?:.'~r p ~ - i i d  

p = pressure, ps i& 

c Yluid dens i ty ,  lb per  ft' 

= hea t  added, Btu, between po in t s  1 anti 3 
1-3 QA 

Epsi: yczcl:izg the sys-t-m opcratil?g pressure  indricated 'oy ? o i i L - , -  ' . 
f l u i d  withc:1.awal may.begin. 

a d d i t i o n  of hea t  i s  r equ i r e6  t o  maintain o + r a t i n g  p r e s s u x  ? b o ~ ~  thz f l u i d  

x - l t i c a l  pressure  and assure  c x t i n u a t i o n  of  s ing le  phase Piuiti s torage 

A s  f l u i d  i s  wi-bl:dra:m from the  systeri:, .- 
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throughout t he  mission. 

condi t ion ind ica t ed  by po in t  4, hea t  input requirements t o  maintain con- 

s t a n t  pressure  become excessive and the  pressure i s  allowed t o  decay. 

Ambient hea t  leakage i n t o  t h e  ves se l  i s  normally adequate t o  maintain a 

somewhat isothermal  pressure  decay along the pa th  4-5, with the  f l u i d  main- 

ta ined  i n  t h e  superheated condi t ion.  

A s  t h e  f l u i d  s t a t e  reaches t h e  superheated vapor 

The hcnt  input  requirements fo r  constant pressure  s u p c r c r i t i c a l  

operat ion may be determined by t h e  following r e l a t i o n s h i p  given i n  

reference 2. 

Q = hea t  input  p e r  u n i t  i'luid WLLGLL zxpcllcd, B t u  per l b  A L 
Where : 

p = f l + d  densi ty ,  lb pe, 't 3 

h = s p e c i f i c  enthalpy, B t u  per  Ib 

Figures  4 and 5 i n d i c a t e  the  hea t  inpuc requirements as a Yun:tion o f  

f l u i d  quan t i ty  remaining f o r  hydrogen and oxygen, respec t ive ly ,  a% various 

operat ing pressures .  

Figure 4 Figure 3 

The maximum hea t  input  requirements f o r  constant  pressure  o p e x t i o n  

occur as f l u i d  quan t i ty  deplet ion nears.  Therefore, t o  ?revent excessive 

power requirements , t he  pressure  i s  allowed t o  decay a f t e r  %he ~ c ~ . ~ , ~ a t d r e  

i s  suc i ' i c ien t ly  higher  than the  c r i t i c a l  tem,j.-*ature. 



- 6- 

I n  order  f o r  the  system t o  perform e f f i c i e n t l y ,  the  maximum ambient 

h e a t  leakage t o  the  f l u i d  through insu la t ion ,  supports,and tubing i n  a 

nonventing system should not  be g r e a t e r  than the  minimum hea t  i npu t  i nd ica t ed  

by the  bottom of the  curves i n  Figures 4 and 5 .  

determines t h e  maximum design hea t  leakage for the  system. 

extended nonventing standby t i m e  i s  required,  the  allowable standby h e a t  

leakage may be l e s s  than the  ope ra t iona l  minimum; f o r  such cases,  the  

standby h e a t  leakage w i l l  e s t a b l i s h  t h e  in su la t ion  requirements.  

This minimum po in t  u sua l ly  

However, i f  

J 

While the  s u p e r c r i t i c a l  cryogenic s torage method ensures single-phase 

f l u i d  s torage ,  it provides single-phase f l u i d  de l ivery  only wi th  proper  

f l u i d  hea t ing  p r i o r  t o  expansion t o  lower useable  pressure .  

hea t ing  of t h e  withdrawn f l u i d ,  t he  s u p e r c r i t i c a l  storaze method prevents  

two-phase flow, and pressure  f luc tua t ions  associa’ied vi-kh the  Ylashing o f  

l i q u i d  t o  vapor i n  supply l i n e  superheaters <LO not  e:\ri.s’i. 

With proper  

Due t o  the  l a c k  of convective currents  i n  a zero g r e v i t y  env;_rormxt,  

severe temperature and dens i ty  s t r a t i . f i c a t i o n  m y  occur i n  supe rc r~ ;  A b  7 - T ’ -  d l l y  

s t o r e d  cryogenic f l u i d s .  A t  p resent ,  capacitance probes a r e  be ins  dFveloped 

for t he  Apollo and Gemini systems which w i l l  i nd ica t e  the  s t o r e d  r eac t an t  

quan t i ty  as a f’unction of i t s  dens i ty .  A t  constant  pressure,  the d2..--’iT , l l Z , l  UJ 

i s  dependent upon temperature, and the  presence o f  mild t e q e r a t u r e  ; s t r z t i f i -  

ca t ion  co;lld r e s u l t  i n  extremely erroneous f i u i d  Q L a i - i t i t j -  cZLi,?iZ=_T. 

F igures  6 and 7 show the  v a r i a t i o n  o f  f l u i d  dens i ty  as a ibnc t ion  o f  

t enpe ra tu re  f o r  hydrogen a t  250 p s i a  and oxygen a t l , 0 0 0  ps i a ,  respec t ive ly .  

Figure 6 F i m r e  7 



- 7- 

It m y  be noted f r o m t h e s e  curves t h a t  very s l i g h t  temperature s 'crati€i- 

ca t ion  E n  resul t  i n  considerable  e r r o r  i n  quan t i ty  gauging. Methods f o r  

f l u i d  mixing and conductive hea t  t r a n s f e r  pa ths  t o  prevent s t r a t i f i c a t i o n  

ere being inves t iga ted .  

One o f  t h e  more d i f f i c u l t  problems cu r ren t ly  a s soc ia t ed  wi th  s u p e r c r i t i c a l  

storage and which i s  a l s o  a t t r i b u t e d  t o  the  l a c k  of convective cur ren ts ,  

i s  t h a t  of hea t  t r a n s f e r  t o  the  s to red  f lu id .  A so lu t ion  t o  t h i s  prob- 

l e m  would probably e l imina te  the  problem of temperature s t r z t i f i c a t i o n .  

,One s o l u t i o n  i s  t o  u t i l i z e  per fora ted  concentr ic  sphe r i ca l  hea t  exchanz-nrs 

wi th in  t h e  s t o r e d  f l u i d  t o  provide mximum k a t  t r a n s f e r  area with minimum 

weight penal ty .  

I 

The method of using high iieat t r m s f e r .  :LYE i s  irihereiitly simple and 

_- 
conta ins  no moving p a r t s  within i;hc ?:~id. 

weight t o  t h e  system. 

i!owever, it duL ., etld undesired 

An a l t e r n a t e  ziqxo:::-r: i s  t c j  ;sta b 1 i s h  c i r c u l a t i o n  

I. be.L.ber 
wi.thin ihe stored fluid. This w i l l  ~ i v r i ~ ~ ~  c c j  d . b  

hea t  t r a n s f e r  and break up s t r a t i f i c a T i o n  within the  f l u i d .  There a r e  

several  m a n s  o f  i n i t i a t i n g  circci.c?,ion w i t h i n  t h e  f l u i d .  Pci 'hqs  '&e 

most common i s  t h e  use of a motor driven 2rddle  w h c z l  o r  proFel le r .  

Tne s u b c r i t i c a l  cryogenic s torage  system oI"fers e i g n i f i c e n t  t m i a g e  

weight advantages over s u p e r c r i t i c z l  systems due TO lower operat,ing pressures .  

A t  preserli  t h e r e  a r e  seve ra l  concepts f o r  s u b c r i t i c e l  cryogenic s torege,  

none of which has been deve3.ope6 fer U E ~  LE ? e m  g r z v i t y  co,-iditlons. 

of t h e  most promising i s  t h e  thermsl ly  regeneraTive, ~wo-ph, c system. 

One 
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I n  t h i s  system, t h e  f l u i d  i s  pressur ized  and opera t ing  pressure  i s  ??in- 

t a i n e d  with t h e  add i t ion  of hea t  t o  t h e  f l u i d .  Since t h e  norms1 opera t ing  

pressure  i s  maintained below t h e  f l u i d  c r i t i c a l  pressure,  t h e  f l u i d  exis ts  

i n  both t h e  l i q u i d  and vapor phase. 

operaxion on pressure-enthalpy and temperature-entropy diagrams. 

Figure 8 shows s u b c r i t i c a l  two-phase 

Figure 3 

,Liyui.d i s  charged i n t o  t h e  system at point  1 u n t i l  t he  des i r ed  f i l l  i s  

achieved. Pressure bui ldup from poin t  1 t o  2 may be accomplished -thermally 

w i t h  t h e  addi'cion of heat  o r  wj.-th hydros t a t i c  f i l l  p ress ixe .  Upon reaching 

t h e  desilred opera t ing  pressure,  f l u i d  wit.hdrawa1 may begin.  A s  f l u i d  is 

withdrawn, -ihe average dens i ty  of t h e  rentlining f k L d ,  wh-ich i s  maintained 

at constant  pressure  and constant  te!fiperatLu*e, is dccrcescd throiush t h e  

two-phase reg ion  u n t i l  a l l  oi' t h e  l i q u i d  i s  e i t n e r  ?spelled o r  vaporized 

as i l l u s t r a t e d  by poin t  3 on t h e  saT;urateci vapor l i n e .  

withdrawal, wi th  hea t  add i t ion  ' t o  rn3,irxain constant  p re sx i - e ,  

.t -1 

i s  s u f f i c i e n t l y  h igher  than  t h e  required de l ive ry  pressd-e,  it m y  --c. 

allowed t o  decay t o  t h e  condi t io3  -. h d i c a t e d  by s t a t e  h. 

.. 
-.> f ' luid +;he condi t iorA j,n$,!Lca'GL,j, ij4 E ' L ~ ~ , c  3. !-:' -;:j,1<: o.i;er3,t:ijl- ;I 'cscuie 

13 t h e  absence of a g r a v i t a t i o n a l  f i e l d ,  t h e  l o c ~  .on oi' l i q z i d  i s  

d i f f i c 2 l t  to p r e d i c i  xiid q i i ~ i t i t > r  mi..a.sl;ring problems ; L Y ~  e; lcomtered. 

The m a t r i x - c ~ ~ a c i t a n c e - ~ a u g i n e  method works i n  tvo-ph:?,s? nixt:?.res. in t h i s  

~ ~ r e m e n t  t h e  f l u i d  a c t s  as e l e c t r o l y t e  and t h e  qtnii:Ity i s  

measc.red as a func t ion  of t h e  capac i t ive  reactance.  Since t h e  matr ix  occupies 

t h e  complete v e s s e l  volume, it indica tes  the ,amount ci' remaining f l u i d  r ega rd le s s  

of f l u i d  phases or dens i ty  s t r a t i f i c a t i o n  wi th in  t h e  f l u i d .  



T.i L.owever, t h e  weight pena l ty  assoc ia ted  with t h i s  method w i l l  prohyoi'i i t s  

use i n  t h e  l a r g e r  systems. 

y o b l e m  i s  t o  u s e  an in tec-a t ing  flow measuring system t o  i n d i c a t e  t h e  

s.tored Quant i ty  as a func t ion  of t h e  quant i ty  withdrawn. 

S i n s l e  phase vapor d e l i v e r y  can be  assured with t h e  s u b c r i t i c a l  system 

One poss ib l e  so lu t ion  t o  t h e  quark i ty  measuring 

'by 'die add i t ion  of heat  t o  t h e  f l u i d  before  expanding t o  lower pressures ;  

however, f o r  high flow rates, t h e  altercate w i t h d r m a l  of l i q u i d  and va,nor 

€ r o m  s to rage  usua l ly  leads t o  f l o w  regula t ion  problems. As t h e  cryogenic 

l i q u l d  comes i n t o  contact  with w a r m  superheaters ,  it f l a shes  i n t o  vapor 

and t h e  n a i m u m  pressure  surges  t o  t h e  saturat ion.  pressure  zt m a i m m  

f l u i d  temFerature. Br extremely lm flow&;es, ma r a t h e r  long supply l i n e s ,  

t h i s  rmy present  a minor prohlcm. 

. , .. z,.ro gJ.sv-i,Q- i; 

t h a t  of u s ing  t h e  vapor- l iquid-sol id  inter. ; l loieculu- 11; l -c  i;, 

ullage con t ro l .  These forces,which appeo;:. .Ln t he  form 01. ,-' :-.':..LC. t e m i o n  

fo rces ,  are t h e  only fo rces  actii1.j; 3;: a 1 

environment. The undedylag p r i n c i p l e  i n  s cOr!Cept is that  t h e  liq;-iid- 

. I  

\?..en t h e  l i q u i d  reaches i t s  equi l ibr ium canfigdrat ioi i ,  it i s  s a i d  to lzave 

reached i t s  p o s i t i o n  of  minimum energy due t o  t h e  f a c t  t h a t  a l l  pressures ,  

concept has been v e r i f i e d  experimentally by personnel  at Lew-is L-EsearciJ 

Center, Rel'erence 3. 

t 
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Ca experiments1 tank  equipped wi th  a s tandpipe t o  dernonstrate u l l a g e  

cori t rol  w a s  p laced aboard t h e  Mercury spacecraf t  which w a s  launched 1b.y 

24, 1962. 

smzll zcce le ra t ions  could be sus ta ined  without fo rc ing  t h e  l i q u i d  from t h e  

s ta idpipe .  Figure 9 shows a sketch o f  the  tank with i t s  zero g r a v i t y  

l iquid-vapor  i n t e r f a c e  configurat ion.  

The system performed as predic ted  and demonstrated t h e t  r e l a t i v e l y  

The capac i ty  of  t h e  v e s s e l  shown was 300 m i l l i l i t e r s ;  the  f l u i d  vas 

v . t e r  mixed with a mild de tergent  t o  decrease i t s  sur face  tension.  

With c2 thorough knowledge of t h e  equi l ibr ium l iquia-vapor  I n t e r f z c c  

coiifigu:*zk'ilions i n  m r i o u s  tank  geometries, it i s  c u r r e n t l y  be l ieved  that 

s u b c r i t i c s l  cryogenic systems coulCi lse designed t o  so lve  t h e  problens 

c s soc ia t ed  with vent ing knd l i q i i d  J r l e n t  on i n  two-phase systems. 

A t  t h e  present  time there  is  no 1-eli:YulLF rricthod f o r  expel l ing  cryo- 

genic l i q u i d s  under zero g r a v i t y  conditions.  V:ziou.:. -ypsiti.ve c-upulsicn 

r cryogenic f l u i d s  have been investig?<t?d. Seve r r l  h.2 uL - i c  c, types 

~-, 1 '  1:;:shive expulsion systems have been considered; t h e  rriost com.3n ~ l r e  

, bellow\s, Giaphrams, and LI:.:., 

s hhve the  h ighes t  expulsloi, e f f i c i e n c y  and t h e  low3~l-L : , ~ ~ ? z . g f i - ; j  t i~e i -e l s  ' '  'I 

Of these  bas i c  l i ~ e s ,  bladder  

. .  

c 

ccL'rfl  "bladder", as used r e l a t i v e  t o  pos i t i ve  expulsion systems, denotes 

.:,;.derable a t t e n t l o n  has been alj:ccted towar6 t h e i r  developxe-n-; . - 

- -  

a 
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a p l i a b l e  f i l m  with t a i l o r e d  shape t o  f i t  t h e  i n s i d e  of the l i q u i d  con- 

t a i n e r .  The bladder  i s  i n f l a t e d  or collapsed, 2s des i red ,  by e x t e r n a l  

gas  pressure,  t o  fo rce  t h e  l i q u i d  from t he  vesse l .  Eladder systems a r e  

cc , r rent ly  i n  u s e  f o r  s t o r a b l e  p rope l l an t  app l i ca t ions  where extreme 

temperature condi t ions zre not  experienced. 

has not yet been found t h a t  w i l l  withstand f l ex ing  and fo ld ing  while  being 

s:i'ujected t o  temperatures as low as t h a t  of  l i q u i d  hydrogen atA23OF. 

has been l i t t l e  o r  no e f f o r t  d i r e c t e d  toward developing b ladders  f o r  f l u i d s  

A s u l t a b l e  bladder mate r i a l  

mere 

.with temperatures above t h a t  of  hydrogen. Since the problem i s  e s s e n t i a l l y  

due t o  temperature, any material t h a t  w i l l  work x i t h  hydrogeiz should work 

with  warmer cryogciis. I f  a s~ui tahle  bladder ,:.;l';er Lal coiLld be found, it 

a r e  almost exc lus ive ly  oi' t h e  super ir_si,laidio:i class. Ei:perinsulz.tioi.s 

i n s u l a t i n g  e f f i c i ency .  
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The rnnin problem as soc ia t ed  with t h e  s u p e r i m u l a t i o n s  i s  t h a t  of  

a p p l i c a t i o n  t o  var ious  v e s s e l  geometries.  I n s t a l l a t i o n  r equ i r e s  s p e c i a l  

techniques t o  prevent loading from t h e  ves se l  w a l l s  and minimization of 

l a t e r a l  hea t  leakage t o  supports  and f l u i d  t r a n s f e r  l i l i es .  

I n  c losing,  it is noted t h a t  at  t h e  present  t ime s u p e r c r i t i c a l  s t o r q e  

o f f e r s  t h e  most s impl i c i ty  i n  opera t ion  with inhereni  r e l i a b i l i t y  and 

z v h i l a b i l i t y  of system components. This method o f f e r s  signii ' ican; weignt 

savings over  t h e  high pressure  gas storage method arid providcs s i n ~ l e  pnase 

s torage.  Like s u b c r i t i c a l  s torage,  it provides 2006 volumetr ic  e f f i c i ency .  

However, s ince  f u r t h e r  weight savings are poss ib l e  i n  t h e  low pressure  

s u b c r i i i c a l  systems, techniques most be  developed t o  f x c i l i t a t e  d:Ee o f  slio- 

c r i t i c a l  systems i n  zem ,gravity. 



, .  . . - .  . * .*" . . I . 
- .  
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